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Preface 


This publication is a compilation of papers presented at the Second Space Station Evolution 
Symposium: “Beyond the Baseline 1991” from August 6 * 8, 1991. The symposium was structured 
as a forum to discuss the current status and future plans for Space Station Freedom (SSF). The 
primary purpose of the gathering was to review the plans and progress in ensuring a baseline design 
with the flexibility to accommodate a broad range of potential utilization demands and to effectively 
incorporate technology advances over the lifetime of the facility. The timing of the conference was 
chosen at the critical juncture between completion of the Delta Preliminary Design Reviews and the 
Program Critical Design Reviews. 

The plenary papers describe the current status of the restructured Space Station Freedom design, the 
plans of the international partners, and future utilization of the facility. Related programs in advanced 
technology and space transportation are also discussed. 

The technical sessions represent the results of tasks funded by Level I Space Station Engineering in 
Advanced Studies and Advanced Development. The charts presented are amplified here by facing 
page text. The work was accomplished in fiscal years 1990 and 1991 and was presented by those in 
government and industry who performed the tasks. 

The results of SSF Advanced Studies provide a road map for the evolution of Freedom in terms of 
user requirements, utilization and operations concepts, and growth options for distributed systems. 
Regarding these specific systems, special attention is given to: highlighting changes made during 
restructuring: description of growth paths through the follow-on and evolution phases: identification of 
minimum-impact provisions to allow flexibility in the baseline, and identification of enhancing and 
enabling technologies. 

The activities under Advanced Development and Engineering Prototype Development (EPD) are 
targeted to improve the functionality and performance of baseline systems, thus providing options to 
the program which reduce schedule and technical risks. These applications have the potential to 
improve flight and ground system productivity, reduce power consumption and weight, and prevent 
technological obsolescence. Products of these tasks include: “Engineering" fidelity demonstrations 
and evaluations of advanced technology: detailed requirements, performance specifications, and 
design accommodations for insertion of advanced technology, and mature technology, tools, and 
applications for SSF flight, ground, and information systems. 


Dr. Earle K. Huckins, III 
Director, Space Station Engineering 
Office of Space Flight 
NASA Headquarters 
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Tandem Concentrator Photovoltaic Array 
Applied to Space Station Freedom 
Evolutionary Power Requirements 

Edward M. Fisher Jr. 

Boeing Defense and Space Group 
Huntsville, Alabama 


Abstract 

Additional power is required to support Space Station Freedom 
evolution, Boeing Defense and Space Group, NASA Lewis Research 
Center and Entech Corporation have participated in the development 
of a High-Efficiency Tandem Concentrator Solar Array. Boeing's high 
efficiency Gallium Arsenide and Gallium Antimonide solar cells 
make up the solar array tandem cell stacks. Entech’s Mini-Dome 
Fresnel lens concentrators focus solar energy onto the active area of 
the solar cells at fifty (50) times one sun solar energy flux. 
Development testing for a flight array, to be launched in November 
1992, is under way with support from NASA Lewis. The tandem 
cells, interconnect wiring, concentrator lenses and structure have 
been integrated into arrays and subjected to environmental testing. 

A tandem concentrator array can provide high mass and area specific 
power and can provide equal power with significantly less array 
area and weight than the baseline array design. Alternatively, for 
Station growth, an array of twice the baseline power can be 
designed which still has a smaller drag area than the baseline. 
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Boeing Tandem Concentrator Concept 
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Boeing Tandem Concentrator Concept 
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Boeing Tandem Solar Cell Design 
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Concentrator Advantages for Large Arrays 
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Protoflight Unit Partial Assembly 
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APEX Mission Protoflight Unit 
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Flisht Experiment Characteristics 



O C/5 
— ^5 .rt 

O £ X> 


£ 3 ca 

s «,a 

t» K J 

B IS 

‘■3 

% o 

^ 3 VS 

O 2 O 
53 W > 
« > D 


> 5/3 
£ £ B 
.2?-g 3 
-c c 2 

© = & 
.-£«§• 
w>^ i 

•cl- 

5 S g 
> Q -5-£ 

* ^ Crt 

<u 2 

X Xm 4 > 

go & 

+-* V 5 ® 

« fl 3 
H «« O 

g’g'S 

6 S > 
oS3 

5/2 §t3 

* e a S 

,gsS 

SS| 

. ts a. g 

■ «-» © C 

■r*s g 

: ° S‘§ 

0 4 )° 
C « cd 

iNi 

C O «3 



751 
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BTC vs. SSF Baseline Performance 
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BTC Array Design For SSF Growth 


I 

a 





Q 

a 

P 




cr 

P 



P 

O 




* rH 
HH 



S 

.cd 

to 



p 

g 

£ 



HM 
• H 

44 



P 

» 

© 

£ 

CN| 

rH 

e 

in 

T*H 

o 

E 

kti 

cd 

Ph 

rH 

00 

in 

IN 

c* 

W) 

1 

Tt 

o 

Ch 

• rH 

CN 

• 

o 

«+H 

£ 

<D 

1! 

X) 

# rs 

CD 

44 

CO 

W) 

P 

P 

p 

•H 

• y— ^ 

Wh 

* rH 

O 

£ 

13 

P 

© 

*Tj 

CO 

cd 

40 

cr 

2 

On 

11 

w 

c3 

o 

0) 

fid 

CO 


*+3 

<D 

H 

CO 

cd 

+-» 

p 

V 

< 

s 

o 

3 

13 

CD 

H- 

p 

P 

”0 

o 


* rH 

no 

Q 

Pm 

£ 

< 

• 

• 

# 

• 


759 




§1 


§ 8 If! 

Am 

*S £ «3 »r* § 
2^ J2 

<2 5^3 2 
i; on b o 

2 o 2 ^ w 

'I -° ° 2 2 

I s g?8fS 


w vs 


eft 


■*15 

C 


jS « X 5 

•flJ 


ctf w> 
W OD 

O c 

w **<X 

Cft 

eft 


<D 


■*3 _E 

Eu . 

„ 5 S * 

g l-s s !s 

8 gag .o 

a _ 3 a n » 
r? § 2 8 ■* <n 
y*s > S rr 

2>g® S 

al * ||£ 

% 2 S3 * S JJ 

= jg fSn 


c « » cr > 

Tis£ £. 

§5 X> > g -£ 


J*«cs »§ >2 

| Q o •— » 


g-Js 

g 1 

3.S 


760 



Mechanisms and truss design for large arrays 

• Computer simulations of deployment dynamics 
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Summary of Advanced Solar Power Program 
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Summary of Advanced Solar Power Program 
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assumed that the DDT&E would be associated with the initial PV system. If the production costs were 
included, or if the growth power levels of each system were to be common (he., 50 kw growth for both 
PV and SD), then the crossover point would occur at an earlier point in time. Note that the yearly time- 
line is meant to only represent the SSF lifetime. 
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NEEDS WORK ALMOST READY READY FOR FLIGHT 
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signed and built, and the structural rigidity of the latch and panel designs were modeled and tested. This 
area of technical progress climaxed when concentrator panel assembly tests in MSFC’s Nuetral Buoyancy 
Facility (NBF) verified that this concept was readily achievable by astronaut interaction in a weightless 
environment. 
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Because no technical barriers were found and the affirmation that SD could benefit from the develop- 
ment of the SSF baselined PV module radiator, this technology area for SD is now deemed as ready for 
flight development. 
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reduce the specific weight by a factor of two. 

eliminate hot spots while at the same time reducing the receiver size. 

eliminate "thermal racheting M through design of the TES canisters. 

transfer of heat efficiently within the receiver by the use of heat pipe principles, 
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ADVANCED CONCENTRATORS 
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ADVANCED HEAT RECEIVERS 
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Burl Bolerjack 
Dan Saine 

Reference: EPS Evolution Analysis Trade Study Final Report, December 21, 1990 

(Study based on SSF pre-restructured program and emphasized solar dynamic additions) 



Potential Growth/Evolution Configurations 
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Configuration (PMC+). After Iheslalion has reached the eight man crew capability (EMCC), the 
addition of more power modules (growth) to provide 75 kW of additional power, or the 
enhancement (evolution) of the existing (baseline) Electric Power System (EPS) design to 
provide tire needed 7 kW of power, will bring the total station power to 150 kW. 
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Growth/Evolution Path Comparisons 
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Advantages 

Requires minimum "down time" of 
existing EPS 

Maintains "independent string" 
PMAD philosophy 

Requires minimum EVA hours for 
installation and checkout 

Requires minimum hooks and 
scars to baseline design 

Requires the development of a 
minimum number of new ORUs 

Requires the minimum launch 
mass 

Utilizes existing PMAD ORU 
mean replacement intervals for 
upgrading 
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Growth/Evolution Path Comparisons 
(Continued) 
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Disadvantages 

Requires maximum "down-time" 
of existing EPS 

Violates "independent string" 
PMAD philosophy 

Requires maximum EVA hours for 
installation and checkout 

Requires maximum hooks and 
scars to baseline design 

Requires the development of a 
maximum number of new ORUs 

Requires the maximum launch 
mass 

Requires growth ORUs be 
launched along with existing 
ORUs 
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accommodate growth power modules such as SD. 

The maximum launch mass would most likely be realized by Path A1 where an entire EPS could 
be added to the existing system. 

All paths would require growth ORUs to be launched along with existing ORUs If growth ORUs 
include those associated with SO Modules. 



SSF Baseline Power Channel 
Typical of Eight at PMC+ 
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to DC Conversion Unit (DDCU) - This ORU converts the primary distribution power to secondary distribution regulated power for the 
these units are fed from each MBSU module. 



Potential for Growth 
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tent KB l design is capable ot interrupting 4KU Amp, baseline tault current. Increasing tlie source to AWo Dasetine will result m a 
onal increase in potential fault current. 

eral alternatives exist for increasing the power channel distribution capability. 
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. This RBI is closed only when power has been lost to one module and it is desired to power its loads from the associated power channel, 
led lines show cross-tie capability between MBSUs and serve a similar purpose, in that an entire MBSU can be repowered if desired. These 
o will never be closed between energized buses (paralleling power channels). The dark power lines, connecting an MBSU power supply 
normally closed RBI in the opposite MBSU represent the control power feed for each MBSU (Port feeds control power to Starboard 
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SSF Source Growth 
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Replacing NHB with SSB can double storage capability while 
reducing ORU volume by 75% 



tese cells have an enhanced efficiency (25% vs 14% for Si). The GaAs/Ge cell also exhibits increased radiation tolerance, its output voltage 
ted to degrade 3% over a 15 year lifetime as compared to 6 % for the Si cell. 

ncrease to 200% baseline power, using GaAs/Ge cells, can be accomplished in several ways with variable impact on the baseline design. 
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Power Growth Through Control Enhancement 
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Twelve of the total 26 DDCUs (46%) are operated in parallel, each fed from a different power channel. The baseline DDCU 
control hardware forces the DDCUs to share power equally. Therefor the power output is limited by the power channel with the 
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Non-Work Package 4 Hooks and Scars 
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electrical power to the users, several non-Work Package 4 (WP-04) hooks and scars are 
necessary depending on the particular option and path selected. Hooks and scars are design 
accommodations to facilitate the addition or update of computer software and hardware, 
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SARJ ASSEMBLY -ISO 
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Power - 18 Crossings 

- 60 KW of 160 VDC thru 4 circuits 

- 2 Grounds 

Data/Video - 36 Crossings 
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DRIVE / CONTROL SYSTEM 
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PROVIDES LOCKING OF INBOARD AND OUTBOARD SEGMENTS 
PROVIDES PRECISE POINTING AND ALIGNMENT OF PIT FOR 
SOLAR TRACKING AND MOBILE TRANSPORTER TRANSLATION 

DRIVE LOCKING & ENGAGE/DISENGAGE 
FUNCTION INTEGRATED INTO ONE UNIT 
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INTERFACES DO NOT CURRENTLY SUPPORT THIS 
GROWTH (UTA ADAPTERS, CABLE TRAYS, UTA) 

+ LIMIT IS 24 RINGS DUE TO BEARING ASSEMBLY HUB 
DIAMETER AND UTA DESIGN COSTS 


m 

^iilu 


„ o 

C/D H 
nJ LU 

S 5 


X pa 

u < 


£ 

H 

< £ 
H O 
< P4 
0 O 


« J n 

ir> <3 y 

ifi 2 PB 

rH > H 

s < £5 

Crt Cfi C 

u o § 

§25 

•■H ►—< <j< 

« B! g 

H d « 

9 z a 

“ O w 

w M t£ 

g b a 

£ Q P 

C/D D ^ 

v© Jk O 


C/D ^ 

Z * 

O o 

n V© 


£ C/D 

p* 55 
*j O 
j p* 
O £ 
«J H 

S £ 

2 o 


C/D P^ 

H O 

£2 

x 53 

LU i-J 

^ CtI 

2 § 
O g 
53 < 

w e 

o o 
< 00 
H ^ 
D + 


a 

£? < H 
P h <! 
wp U 

§tf i 

n H § 
X &< S 
°< O 

WQ n 

w 3 u 
Q 

2g § 
SH « 
* 

+ * g 


849 




850 
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ENGINEERING PROTOTYPE DEVELOPMENT FOR POWER MANAGEMENT AND CONTROL 


A comprehensive automation design is being developed for Space 
Station Freedom's electric power system. A joint effort between 
NASA's Office of Aeronautics and Exploration Technology and NASA's 
Office of Space Station -Freedom, it strives to increase station 
productivity by applying expert systems and conventional algorithms 
to automate power system operation. The initial station operation 
will use ground-based dispatchers to perform the necessary command 
and control tasks. These tasks constitute planning and decision- 
making activities that strive to eliminate unplanned outages. We 
perceive an opportunity to help these dispatchers make fast and 
consistent on-line decisions by automating three key tasks: failure 
detection and diagnosis, resource scheduling, and security 
analysis. Expert systems will be used for the diagnostics and for 
the security analysis; conventional algorithms will be used for the 
resource scheduling. 

To demonstrate the benefits of automating these tasks we plan to 
operate the Space Star ion Freedom Power Test-Bed using our 
procotype auccmar ion technology in our Engineering Support Center 
(a mission control type of environment) . In addition, we plan to 
demonstrate cooperative problem solving between this test-bed and 
the Common Module Power Distribution Test-Bed located at the 
Marshall Space Flight Center. These latter demonstrations will 
investigate using expert systems that cooperate to diagnose 
failures whose effects propagate across system boundaries and that 
cooperare to recover and restore the performance lost through such 
failures . 
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CONTROLLING SPACE POWER SYSTEMS 


Many similarities between the space station's power system and 
terrestrial power utilities are apparent. Both systems incorporate 
generation, storage (usually a pumped water reservoir for the 
terrestrial — batteries for us) , transmission lines, circuit 
breakers, and power consumers. Both systems rely heavily on human 
decision-making for safe, economic operation. But, the strategy 
that controls the operation of the two systems is fundamentally 
different. This difference arises at the power supply. 

In terrestrial utilities, ample generation is usually available for 
the demanded loading/ when it is not, power is purchased from the 
grid. The control strategy is to modulate generation capacity to 
match the demand's changes. Any shortage is covered by interchange 
with the grid. Every effort is made to meet the load demands by 
managing the injection of power into the transmission network. 
Controlling the loads themselves is reserved for extreme failures 
when there is nc acceptable alternative. 

The space station's power system has no tie-line to a neighboring 
utility. Generation cannot be modulated to accommodate demand as in 
electric utility companies. The power aboard the spacecraft is 
produced by the solar energy conversion systems which are 
controlled to maximize energy production. With solar power systems 
producing only about 7 watts of power for every kilogram of 
equipment, Space Station Freedom will never grow to be a power rich 
environment. This makes space power an expensive, limited resource 
to be judiciously allocated among the on-board users to maximize 
payload productivity. Energy utilization is controlled by adding 
and deleting loads from the system. This requires that the load 
demand be as determinate as possible so that each watt can be 
allocated. Although this procedure maximizes payload productivity, 
it generates an extremely difficult scheduling problem aboard 
complex spacecraft such as Space Station Freedom. 

The goal of building a Space Station as an infrastructure for space 
research complicates the scheduling problems even further. 
Previous spacecraft have been dedicated to specific pre-determined 
experiments whose schedules are maximized before flight. A 
research environment requires the flexibility to generate detailed 
schedules throughout a thirty year span. Space Station Freedom must 
provide just such an environment and reap the concomitant 
development challenges. 
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TERRESTRIAL SPACE STATION 




WHY ADVANCED DEVELOPMENT? 


The Space Station prime program has many difficult problems to 
solve. The electric power system itself has endured the 
complications of a major component change from 20 kHz AC 
distribution to DC generation and distribution. Added to these 
problems are the more recent restructuring activities which 
emphasize ground control instead of flight control. All of these 
factors distract the prime program from addressing productivity. 
Overall, the major design objectives for SSF' s electric power 
system are to build a fail-safe system, to operate within 
tolerances that provide the required amount of energy, and to 
create a power system that will be productive. The prime program 
must first focus on the safety and capacity objectives that create 
a working, robust flight power system. Unfortunately, the 
productivity issues do not receive the same attention. The 
advanced development program has the luxury of avoiding the direct 
developmental issues and can spend its resources on identifying and 
building products that will work with the flight power system to 
augment its capabilities and enhance its productivity for the long 
term. 
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MAJOR OBJECTIVE: MAXIMIZE PRODUCTIVITY 


Our major objective is the maximization of productivity which 
manifests itself as efficient and effective operation of the Space 
Station. To accomplish this we consider two subobjectives of 
productivity: maximization of resource availability and 
minimization of operating costs. Maximization of power 
availability combines a maximization of usage and a minimization of 
restoration time. To maximize usage we consider load scheduling to 
be our primary strategy. With it we plan to devise a flexible tool 
which will be able to automatically schedule this scarce resource 
throughout the envelope of changing operational configurations. To 
minimize restoration time we are developing several diagnostic 
tools to investigate the merits of different approaches to 
determine failure causes. With strong diagnostic aids at hand, an 
operator will improve his abilities to respond to anomalies, 
whether he is ground-based or a member of the crew. To further 
augment the abilities of the operator we are developing replanning 
tools which will recommend possible remedial options after a fault 
has occurred or if a potential problem is brewing. Minimizing 
operating costs combines operating the power system as close to 
nominal as possible and minimizing the amount of involvement of the 
operator. Nominal operations may be traded for performance, 
especially in emergency situations involving crew. The major 
component of the power system that involves costly maintenance is 
the batteries, Optimizing battery usage will increase battery life 
and reduce the expenses involved in removal and installation of new 
batteries. Operators, whether ground based or flight crew, have 
significant duties to perform. We can minimize their involvement 
in routine power system operations by providing expert system 
consultation during reconfiguration and replanning. 
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SSF POWER AUTOMATION 
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Maximize battery life 
Minimize operators’ involvements 


POWER MANAGEMENT AND CONTROL AUTOMATION 


In the fall of 1990, Congress mandated an eight billion dollar 
budget reduction for the Space Station Freedom Program, To meet 
this reduction, NASA has reduced the scope of the Space Station's 
objectives. One of the strategies was to move automation from 
aboard the space station to the ground control center. This new 
baseline design places the ground-based flight controllers as the 
principal decision-makers in the moment-to-moment operations. To 
make quality decisions, these flight controllers must have an 
acumen sharpened through years of experience. We believe that 
expert systems can capture much of this knowledge and help the 
flight controllers to make faster and more consistent decisions by 
reducing their cognitive workloads. 
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POWER CONTROL CENTER CONCEPT 


Our concept for ground-based control focuses on partitioning the 
control decisions for the electric power system into four decision- 
making entities. The first, the flight support system, is 
responsible for issuing the commands to the electric power system 
aboard the space station. It monitors the system's status and 
prompts the flight controller for appropriate responses. This is 
the fastest responding control system. When addressing failure 
events, this system must detect the failure and isolate affected 
systems so that the station's integrity is not jeopardized. In 
addition, the corresponding flight rules must be executed to 
minimize system degradation. Three other systems are used to aid 
the command and control activities of the flight support system. 
These systems are slower to respond than the flight support system 
and perform detailed event analyses (diagnosis and security 
analysis) and operations planning (scheduling) . The diagnosis 
system uses available telemetry data to determine the most likely 
cause of a failure. The security analysis system conducts 
contingency ("What if.,.?") analyses to determine the risk of 
continued operation. The resoles of these event analyses alter the 
Operating constraints and mission objectives which in turn require 
a revised ope racing plan. The scheduling system provides this plan 
by allocating resources according to the constraints identified by 
the event analysis systems. Human operators coordinate the 
exchange of information among these four systems. 











PRODUCTION SYSTEMS FOR DIAGNOSIS 


The diagnostic system is an expert system that uses set-covering 
rather than a series of if-then rules to encode the failure 
knowledge. In this software, a data base linking all known system 
failures to their known symptoms is built and searched to generate 
the failure cause hypotheses for observed symptoms. Antecedent 
driven rules control hypothesis generation and determine the most 
likely cause. Nonmonatonic inference is implemented using reasoned 
assumptions and rule conflicts are identified and resolved using 
Petri net transitions. The failure knowledge, however, is stored 
as data and is easily maintained. This diagnostic system uses a 
standard reliability analysis tool — the failure modes and effects 
analysis -- to produce the symptom and failure data base. Symptoms 
are detected using rule-based classifiers which process the 
telemetered measurements . 
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GENERAL FAILURE 

REASONING KNOWLEDGE CAUSE & EFFECT KNOWLEDGE 





SECURITY ANALYSIS 


System security analysis is a risk assessment. It examines the 
liabilities of continued operation by identifying contingencies and 
estimating their consequences. The contingencies are either sudden 
disturbances or gradual performance degradations that could lead to 
overloads, voltage degradation, source shutdown, or load shedding. 
If the risk of continued operation is judged acceptable, the system 
is classified "secure" and system operation proceeds according to 
the current plan. If there are risky contingencies, the system is 
judged "insecure" and preventive control strategies are 
recommended. 

Three distinct activities are required to analyze system security: 

1. Generate and test contingencies: Worrisome failures that are 
present under all operating conditions as well as operating-state 
dependent failures such as transmission outages are compiled and 
submitted for analysis. The analysis calculates the operating 
margins for each of these failures. 

2. Project trends: Incipient failures such as gradual degradation 
in battery storage capacity or inconsistencies between proposed 
consumption and production are detected by specialized software. 
The anomalies are forecasted and added to the list of contingencies 
to be analyzed at that time. 

3. Judge security: A "system"- is secure if there are no 
contingencies that result in an emergency state. If the operating 
margins calculated in the analysis are insufficient, the system is 
judged "insecure" and control actions are recommended that will 
attain an acceptable operating risk. 
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NIH2 BATTERY HEALTH MONITORING SYSTEM 


A significant: part of the security analysis problem is monitoring 
the health of the battery system and projecting any loss of 
capability. A battery health monitoring system is being developed 
that detects anomalies in the batteries, provides problem 
diagnosis, and projects expected life estimates. This system uses 
a combination of analytic models and tabulated aging 
characteristics to identify incipient failures. Three trends are 
maintained: short-term, medium-term, and long-term. 

The short-term trend data (3 orbits) address battery current and 
voltage, ceil pressure and temperature, and depth of discharge. 
The data are smoothed. Trends are identified and compared with 
results from an empirical analytic model of the battery. Deviations 
are used to detect events such as sensor failure, cell short 
circuit, and cell rupture. 

Medium-term (100 orbits) and long-term (3000 orbits) data address 
cell pressures and voltages at the end of the charging period and 
at the end of the discharging period, recharging ratio, Watt-hour 
efficiency, depth of discharge, and cell temperatures. These data 
are smoothed and trends are identified and compared with the 
batteries' expected aging characteristics. The comparisons detect 
the anomalies that develop over many orbits such as: cell soft 
short, slow cell leak, high internal resistance, internal 
corrosion, excessive overcharge, abnormally high operating 
temperature, and gradual loss of charge carrying capacity. 

The system displays these health trends and alerts the system 
operator should there be any deviations from the expected. 
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SYSTEM MANAGEMENT AND SPACE STATION FREEDOM AUTOMATION 

One of the key concepts in our automation scheme parallels the 
systems management approach to project management and design. This 
approach is utilized in our scheduling tool by incorporating a two- 
level hierarchy for distributing the computational requirements and 
the regions of responsibility. The hierarchical design resembles 
the manager and subordinate with respect to their roles and 
responsibilities. This system is based on the concept of 
participative management where the manager describes the work to be 
done and then leaves the subordinate alone while the work 
progresses. Communication between the levels is minimized. 
Detailed information resides with the person who will be using it. 
In this fashion we build a computer system that can be distributed 
across different machines reducing computational overload and 
minimizing data passing, 

Along with distributing our scheduling process, we are defining an 
explicit value system to be used in evaluating the proposed 
schedules. Maintaining the separation of responsibility each 
subordinate system will maintain and define its value for a 
specific schedule which can be interpreted on the higher level. 
Each subsystem will maintain its own system integrity and evaluate 
schedules with respect to its own system level constraints. These 
evaluations will be passed up to the higher level where they will 
be interpreted within the context of the entire system rather than 
the local point of view. 



872 



S /!!!!!! 


873 


CD-90-48739 


FREE MARKET ECONOMY MODEL FOR SCHEDULING RESOURCES 


Using the systems management approach we have developed a value- 
driven distributed scheduler that models a free market economy . 
This scheduling technique is based upon three agents, resource 
suppliers, resource consumers and an overall market coordinator. 
The resource suppliers are the various subsystems on the Space 
Station. They maintain their local systems and evaluate proposed 
schedules based upon usage of their resource. Consumers are the 
payloads and various housekeeping tasks aboard the Space Station. 
Each consumer describes the various options for each desired 
activity along with defining a specific numeric value for each of 
these options. The schedule is determined by setting initial 
prices for each resource throughout the scheduling horizon which 
are sent to each of the consumers. The consumers evaluate how much 
each of their options would cost and choose the one with the 
highest net. benefit where net benefit is the difference between the 
value of the option minus the cost of the resources used. The 
selected options are aggregated by the market coordinator who sends 
the appropriate total usage profile to the resource supplier. Each 
supplier looks at the proposed schedule of usage and compares it to 
what he knows he can supply throughout the orbit. He will then 
send a set of price adjustments to the market coordinator to drive 
usage to his specific abilities. His goal is to maximize usage of 
his resource, operating neither in a deficit nor in a surplus 
condition. The market coordinator continues this iterative process 
until the prices converge and the schedule options are stable. 

One of the benefits of this approach is that the explicit value 
system can be used to identify how good the proposed schedule is 
before the solution has converged. Consumers and suppliers define 
utility functions that are used to evaluate the proposed operating 
condition generated by each proposed schedule. . The utility 
functions are sent to the market coordinator who can evaluate the 
entire state of the Space Station operation and decide whether or 
not to continue iterating. Scheduling needs to be responsive to 
different operating states of the Space Station. Some schedules 
will be routine, others will be emergency schedules needed very 
quickly to return to a sensible operating condition. Using 
explicit values and utility functions allows us the flexibility to 
provide for many different operational scenarios. 
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POWER CONTROL CENTER CONCEPT 


REVISITED 


To revisit the motives behind our program, we have responded to the 
Space Station restructuring effort by focussing our products as 
ground-based tools for operators. We see the use of our 
intelligent decision-making aids as improving the overall Station 
productivity by enabling decisions to be made faster and more 
accurately . 

We have been investigating the Engineering Support Center at LeRC 
as our potential site for the power control center. Using the ESC 
we will be able to communicate directly to the LeRC Power 
Management testbed, as well as receive actual telemetry when 
appropriate. In this environment we will also be able to link to 
the MSEC payload operations center and exchange data necessary to 
diagnose and recover from power system failures that propagate from 
the primary system into the secondary. 
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LERC COLLABORATION 


Development of different expert systems for the power system on 
board the Space Station has been a direct response to the 
programmatic partitioning of the primary power system generation 
and storage and distribution from the secondary power distribution 
network. This partitioning has provided a manageable subset of the 
system for each of the developers. However, certain failures will 
propagate across these system boundaries and it is necessary to 
begin investigation of these effects. 

A data link between testbeds at NASA-LeRC and NASA-MSFC has 
provided information to begin these investigations . This link has 
been used to demonstrate cooperating expert systems during this 
past year. The demonstration addressed a power generation failure 
that required the secondary system to perform intelligent load 
shedding at the module level. We are planning to continue this 
effort by investigating failures that ripple through the secondary 
distribution and whose recovery requires cooperation between both 
systems. In the context of the control center environment we are 
nor planning any direct testbed links for the coming year. We want 
to study how to coordinate the entire power system operation using 
the control center environment. This will prepare us for real 
operational scenarios. 
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LeRC POWER MANAGEMENT AUTOMATION EVOLUTION 


When the Space Station program began, the electric power system was 
a 20kHz AC distribution system. Pioneering work had been done at 
LeRC in development of this technology. Many power system experts 
were available to provide the information required for intelligent 
control and diagnostic tools. Our program took advantage of these 
factors and developed a diagnostic tool in KEE for 20kHz switchgear 
which communicated with a scheduler for replanning usage after a 
system failure. These tools also communicated directly to prototype 
Ada flight code controlling 20 kHz switchgear. Development of 
these products and their integration has provided us with valuable 
insight into the problems that can occur. This work culminated in 
an integrated demonstration with a MSFC testbed over a long 
distance communication network. The products from this work are 
being modified to apply to the DC testbed configuration and will 
also be integrated into the power control center. 

Parallel efforts began when the Space Station program switched from 
20kHz AC to DC distribution. A diagnostic product using ART was 
developed along with a value-driven scheduler and the beginnings of 
the security analysis system. These products had been targeted for 
integration with the DC testbed directly as a demonstration of 
their potential use as flight decision-making aids. Due to the 
restructuring efforts and the current emphasis on ground-based 
control, we have reevaluated the thrust of our program. We are, 
however, continuing with integration of our products and the DC 
testbed directly. This serves as a preliminary step before 
integrating with the LeRC engineering support center, the ESC. We 
are developing the interfaces required to make an initial 
communication path between our advanced development machines and 
the testbed control computer using its current operator interface 
system protocol. Testbed work is very intense at the moment and 
this approach creates minimum impact on their efforts. We are also 
investigating the interfaces required for integration of the power 
system testbed and the ESC. The ESC will provide our advanced 
development products a rich environment of processed data and 
graphics interfaces. Our initial design features the advanced 
development machines communicating on a subnetwork and using one of 
the ESC machines for passing the data to and from our products. 
This minimizes the impacts on both the ESC and our program. After 
this interface has been developed and used to investigate testbed 
and automation product performances, we plan to generate specific 
application programs that would dirctly reside on the ESC 
processors . 
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IN A NUTSHELL 


In the ever changing environment of the Space Station program, 
power system management and control continue to be critical 
development items. Our advanced development program is focussed on 
developing decision-making aids for operators, either ground-based 
or flight-based. In the efforts to fully utilize electric power at 
all times, we need much automation. We are striving to provide 
automation tools which will allow the Station to flexibly and 
productively manage of one of its critical resources, energy. 

We are targeting our products for the ground-based control centers 
knowing that this is where they are heeded initially. Operating a 
Space Station will be a monumental effort and products to reduce 
the workload will prove themselves well worth their development 
cost. As Space Station develops, the need for these products will 
be onboard. We are prepared to continue our efforts and provide 
flight-quality products. 
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THE SSM/PMAD AUTOMATED TEST BED PROJECT 


In conjunction with MSFC's Work Package One responsibilities 
and MSFC's previous OAET work in electrical power system 
autonomy, the SSM/PMAD autonomous subsystem project was 
initiated in 1984. The project's goal has been to design and 
develop an autonomous, user-supportive PMAD test bed 
simulating the SSF Hab/Lab module (s). Funded primarily by the 
SSF Advanced Development Program from FY85-88 and with 
additional joint funding from OAET (Code RC) during FY89-91, 
an eighteen kilowatt SSM/PMAD test bed model with a high 
degree of automated operation has been developed. To date 
over $3.2 million has been invested in hardware and software 
development. This advanced automation test bed contains three 
expert/knowledge based systems that interact with one another 
and with other more conventional software residing in up to 
eight distributed 386-based microcomputers to perform the 
necessary tasks of real-time and near real-time load 
scheduling, dynamic load prioritizing, and fault detection, 
isolation, and recovery (FDIR) . 

The approach has been to establish the technology through key 
"operational" demonstrations, prepare for early ground-based 
implementation in the various SSF control centers, and then 
to migrate the technology "on-board" as confidence builds and 
as schedules permit. A parallel effort was begun to establish 
communication links between the SSM/PMAD test bed and the 
primary PMAD automated test bed at LeRC in order to 
investigate major automated subsystem interactions. A first 
generation "operational" prototype has been successfully 
demonstrated along with a Phase I MS FC/ LeRC test beds 
communications link. 
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OUTLINE 


This presentation will begin with a look at the PMAD 
"problem” and include a short background and history of the 
SSM/PMAD project. Next, the objectives of the project will be 
presented followed by a discussion of the technical approach 
and description of the project. The next topics will consist 
of how the project integrates with the baseline program and 
how the technology may evolve into the "on-board" station. A 
final summary will then be presented. 
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TYPICAL HOUSE PMAD 


The typical house PMAD system consists of a power meter, a 
circuit breaker box, and the various loads and outlets (a few 
of which have ground fault protection) . The power feed 
(240/120 Vac, 60 Hz) comes from a transformer mounted on a 
pole or underground through a Watt-hour (Energy) meter into a 
control box consisting of a group of circuit breakers (and in 
some cases fuses) . This power is then distributed through the 
breakers to the various loads. Typical loads are: electric 
oven, clothes dryer, heating/air conditioning, water heater, 
lighting, and the outlets. 

This system contains easily accessible circuit breakers 
(fuses) which are electrically simple electomechanical 
devices. Their trip levels (amount of current required to 
’•open” the device) are set high which means a ma^or fault or 
an extraordinary number of loads in a particular outlet is 
required to cause the breaker to trip. This is done to 
prevent a user from having to spend his entire life resetting 
breakers. The system allows complete load flexibility. The 
only requirements for any load is to be of the correct 
voltage/ frequency and to draw less current than the breaker 
setting. Finally, the use of energy in this system is co$t 
managed. If you can afford it, you can use as much energy as 
you like. 
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Circuit Breakers Sized for Specialized Loads 
Complex Loads with Unique Power Profiles 
Load Managed ( Limited Energy Avalible) 




TYPICAL SPACECRAFT POWER SYSTEM 


The typical spacecraft power subsystem to date has been less 
than 5 kW total power and has consisted of two or more power 
channels (solar array, battery, and bussing) feeding power 
distributors to the specialized loads. The systems have been 
primarily low voltage dc (28 Vdc nominal) distribution using 
planar silicon solar arrays and Nickel based batteries. 

In comparison to the terrestrial power system, the spacecraft 
power system has electrically complex circuit breakers with 
very little access capability (if at all) . These breakers are 
also sized for practically each specialized load. The loads 
themselves typically have complex power profiles (power vs. 
time) and require an extensive scheduling team to combine the 
power profiles to maximize energy usage. This leads to the 
final point. A spacecraft has to be load managed in order to 
maximize its most precious resource - energy. For example, if 
a load begins to use more energy than its initial allotment, 
then either this load is shed or energy is shifted from a 
more efficient load or another load is shed. 
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AUTOMATION PROJECTS AT MSFC 
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OSF and OAET Funded 



AUTOMATION PROJECTS AT MSEC 


As background, there have been three primary automation 
projects at MSFC. The first, AMPS, was started in the late 
70 1 s to investigate large spacecraft power systems and how to 
automate them. The AMPS project, funded by OAET (Code RP) and 
contracted to TRW, consisted of three phases. Phase I 
identified a reference 250 kW-class power system based on 
projected 1980's technology. The basic result was a 
distributed multiple power channel system, using concentrator 
solar arrays. Nickel -Hydrogen batteries, and high voltage dc 
(200 Vdc nominal) distribution. Phase II focused on how to 
automate the system. The basic results were using distributed 
microcomputers and pushing the computing power as far down 
the architecture as possible. Phase III involved constructing 
a three power channel (25 kW) subsection of the reference 
power system to design and demonstrate the automation 
theories. The project was stopped shortly before full 
completion, but the basic automation theories were able to be 
demonstrated . 

The second project area was the Hubble Space Telescope power 
system test bed. This project area introduced MSFC into the 
area of expert/ knowledge based systems. Two separate systems 
were developed to automate and perform fault diagnosis on the 
HST power test bed which was (and is) operating 24 hours a 
day. When a test bed problem occurs, the system is safed and 
the test engineer is automatically called. During the travel 
time of the engineer to the test, the expert system has 
analyzed the situation and produced a diagnosis and 
explanation before the engineer arrives. These systems also 
are able to do multiple orbit trends analyzes. These systems 
were named the Nickel Cadmium Battery Expert System (NICBES) 
and the Nickel Hydrogen Battery Expert System (NIHES) . The 
two systems were a result of the HST battery change in 1989. 

The final active project area is the SSM/PMAD automation test 
bed project which is the topic of this presentation. The 
project was started in 1985 with funding from the Phase B 
advanced development program for Space Station. Martin- 
Marietta of Denver was awarded both the hardware and 
automation contracts. Presently, the project is funded 
through the Advanced Development Office of Space Station 
(Code MT) with OAET (Code RC) funding two subtasks which are 
more research in nature. 
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OBJECTIVES OF THE SSM/PMAD PROJECT 

The objectives for the project are to provide risk reduction 
for the Space Station Hab/Lab Modules power subsystem and to 
identify any design impacts both to the baseline and the 
evolution station. 

The first objective is being met by having designed a high 
fidelity hardware test bed of the power subsystem and then to 
demonstrate autonomous control through the use of advanced 
and conventional software. The basic system has been designed 
and operational-type testing is being performed to evaluate 
and update the software/hardware. 

All information from the design and test is made available to 
all SSF work packages, but especially to WP01 and WP04. This 
information is used to help guide design decisions for the 
baseline station. In addition, this information can be used 
to help in module power subsystem operations and to aid in 
future hardware/ software upgrades to the evolving station. 
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BENEFITS OF AUTOMATED PMAD 

Automating the SSM/PMAD subsystem will produce many benefits. 

Five of these benefits are listed below: 

(1) Safety is enhanced through the use of fast, intelligent 
hardware which can safe faults rapidly. Also, a critical 
load which loses power during a fault can be re-powered 
in a few seconds (less than 3) using a dual power feed 
and a small, but efficient computer. 

(2) Productivity is increased by allowing the power system 
operator (ground or flight) to focus on more critical 
tasks than the operation of the power subsystem. Through 
the use of dynamic re-scheduling, even in off-nominal 
situations, the source energy to load energy ratio can be 
maximized. 

(3) Skylab required twenty ground support personnel and a 
flight crew of three to operate an 8 kW power system. 
Using automation techniques, as SSF evolves, the number 
of personnel required to operate the power system can 
remain constant. Further, as the user interface matures, 
the technical expertise required by an operator could be 
reduced . 

(4) Reliability is increased by the system consistency 
offered by the automated software. Also, system hardware 
stress is reduced through intelligent load scheduling and 
load energy balancing, 

(5) System faults are safed, isolated, and diagnosed jsMc. in 
a few milliseconds to seconds which allows for quicker 
repair and reduced downtime. 
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TECHNICAL APPROACH 


The technical approach to the project was to build a test bed 
model of the SSM/PMAD subsystem and then to add the 
automation software and any additional hardware needed for 
full autonomous operation. The automation software would be a 
combination of standard software and the latest advanced 
software techniques. The present software architecture 
consists of three expert/knowledge based systems and numerous 
specialized conventional programs. 

One of the first steps taken was to analyze the power system 
operation process and then to break these processes into 
their various functions. The next step was to arrange these 
functions according to their time criticalities and then to 
distribute the functions in such a way as to maximize their 
speed. Thus, the critical time functions are performed 
nearest the loads using conventional software with the less 
time critical functions being performed further from the 
loads, but using more powerful hardware/software tools. 

The last key to the project was to use a powerful user- 
supportive graphics interface to allow for the fourth expert 
in the system, namely, the human system operator. The 
interface has become an integral part of the operation of the 
system as well as providing valuable information as to how 
the system is determining its control decisions. 
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HARDWARE/ SOFTWARE SCHEMATIC DIAGRAMS OF THE SYSTEM 

This test bed hardware has two power distribution control 
units (PDCUs) and three load centers. The basic system 
design allows for two additional load centers. Further, the 
test bed includes remote bus isolators (RBIs) , remote 
controlled circuit breakers (RCCBs) , and remote power 
controllers (RPCs) . Lastly, a lowest level processor (LLP) is 
included in each PDCU and load center. In the software area 
of the test bed, autonomy is pushed down to the lowest 
levels, specifically, to the LLPs and through the switch 
interface processors to the "smart" switchgear. Three 
Artificial Intelligence (AI) systems - the Fault Recovery And 
Management Expert System (FRAMES) , the Load Priority List 
Management System ( LPLMS ) , and the Master of Automated Expert 
Scheduling Through Resource Orchestration (MAESTRO) -reside 
above and communicate with the other processors through the 
Communications and User Interface (CUT) software. 

The system software is distributed through several 
different types of processors and at different hierarchical 
levels. The LLPs are located at the level nearest the power 
hardware. The CUI software is notified of any anomalies by 
the LLP. FRAMES, MAESTRO, and LPLMS share the highest level 
of the hierarchy. Each step up this hierarchy reveals a 
decrease in speed (microseconds at the switchgear level, 
milliseconds to seconds at the LLP level, seconds to minutes 
at the AI level and an increase in sophistication. 

The LLPs consist of Intel 80386 based computers and an 
Ethernet communication board. A LLP is located in each load 
center, subsystem distributor, and PDCU. Each LLP is 
responsible for controlling the switches associated with it 
and for keeping track of all the sensor readings and switch 
positions in its center. The LLP also executes scheduled 
changes in switch positions, sheds any loads which exceed 
their scheduled maximum, and switches redundant loads to 
their secondary bus if the load's primary source is 
interrupted. The LLP passes any or all of this information to 
the CUI software. 

The CUI software is resident in a Solbourne 5/501 UNIX 
based workstation. The CUI software routes information to the 
various LLPs, controls LLP initialization, and serves as the 
man/machine interface for the entire system. Messages are 
passed from the three AI systems to the LLPs through the CUI 
via Ethernet communication links. 
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SSM/PMAD MANAGEMENT AND SOFTWARE LOGIC FLOW DIAGRAM 
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SCHEMATICS DESCRIPTION (CONTINUED) 

The FRAMES resides on the Solbourne 5/501 workstation 
and is implemented in the Common Lisp Object System (CLOS) . 
This expert system watches over the entire EPS looking for 
anomalies and failures. FRAMES is responsible for detecting 
faults, advising the operator of appropriate corrective 
actions, and, in cases involving critical loads, autonomously 
implementing corrective actions through power system 
reconfigurations. FRAMES recognizes and adjusts to hard 
faults which the smart switchgear handles immediately, as 
well as handling soft faults, cascaded faults, and 
independent multiple faults. 

The LPLMS resides on the Solbourne 5/501 workstation and 
is implemented in LISP. The LPLMS keeps track of the dynamic 
priorities of all payloads while developing and downloading 
current load shedding lists for the LLPs every fifteen 
minutes in preparation for contingencies which necessitate 
load shedding. This way, load shedding is implemented 
quickly in each load center or subsystem distributor. The 
LPLMS maintains a real time dynamic representation of all the 
module loads and relevant facts so that applicable rules can 
fire to reorder portions of the load shedding list as 
situations change. The loads in a laboratory module may have 
dynamic properties. A critical noninterrupt ible materials 
processing experiment involving crystal growth will 
undoubtedly have a different priority as it nears completion. 
Other factors may change priorities such as equipment 
malfunctions. An expert system such as the LPLMS is crucial 
in determining which loads must be shed in the event of 
perturbations to the available power. The LPLMS insures that 
critical loads not be shed unnecessarily. 

MAESTRO resides on a Symbolics 3620D and is implemented 
in LISP. Special interfaces have been developed for MAESTRO 
which allow a great deal of flexibility in interactions with 
the scheduler. MAESTRO is a resource scheduler developed by 
Martin Marietta and can schedule and reschedule a number of 
payloads with various scheduling constraints. This AI system 
generates the baseline schedules for the EPS and accepts 
information from the other processors on when and how to 
reschedule module payloads, MAESTRO uses pieces of several AI 
technologies including object-oriented programming, 
heuristically guided search, activity library, expert 
functions, etc. MAESTRO schedules loads with regard to 
numerous resource constraints such as available crew members, 
supplies for payloads, interdependence of payloads, power 
profiles, and thermal status. 
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SCHEMATICS DESCRIPTION (CONTINUED) PLUS PHOTOGRAPH 

In order to efficiently operate these three expert 
systems together, a simultaneous multi-agent knowledge 
manager function called the Knowledge Management and Design 
(KNOMAD) system was designed and built. KNOMAD utilizes a 
distributed database management function to provide a 
modified blackboard management capability. The KNOMAD 
architecture is layered. The central layer is the database 
which provides a place for storing working memory data, for 
transferring and sharing data, and for storing long term 
data. The database is modular and may be implemented as a 
distributed database. As a distributed database, multiple 
cooperating knowledge agents, each in different physical 
locations, could be supported. The next layer consists of an 
interface to the database that provides a frame system for 
abstracting both data and procedure as well as a mechanism 
for storing simple facts. The top layer is the place where 
various tools are defined and implemented. All of the tools 
make use of the same data representation and thus easily 
share data across domains and functions. FRAMES was 
implemented in KNOMAD in June of 1990 with LPLMS and a 
MAESTRO interface being implemented in April 1991. 

PHOTOGRAPH 

In the front of the photo, the Solbourne workstation is on 
the right and the Symbolics AI workstation is on the left. 
Looking at the racks, The PDCU racks are on the right with 
the three load center racks to the left of the PDCUs. The far 
left rack consists a few representative loads. The majority 
resistive loads are located in an annex building to this 
room. Each rack, from top to bottom, consists of an LLP, a 
group of 1 kw or 3 kW RPCs, a group of RPC controller cards 
(behind the silver plate) , housekeeping power supplies, and 
cooling fans. Load Center 2*s (Material Science Rack) LLP is 
located on a table to the right of the Solbourne (easier 
access) . 
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USER INTERFACE PHOTOGRAPH (POWER SYSTEM SCREEN) 


This photo of the user interface features the power system 
screen (PSS) which is the primary screen for normal 
operation. Located in the center right window, the PSS 
displays power flow through the use of white filled in 
"pipes" and RPC open/close through a toggle switch icon. The 
l kW RPC rectangles and the 3 kW RPC ovals are colored green 
for nominal operation, red for faulted conditions, and brown 
for out-of-service. They also display their designator (small 
print) and the amount of current flow through the RPC (bold 
number) . The diamonds represent the RBI and the small circles 
represent additional voltage and current sensors. The 
selection rectangle to the left of the PSS is for obtaining 
more detailed information for each or all RPCs. When 
requested, this information is displayed underneath the PSS 
in the "scratch-pad" window. The various modes (Ready, 
Created, Manual, Autonomous) are displayed above and to the 
right of the PSS. Various Utility, Function, and Help 
requests are made through pull down windows just above the 
PSS. Located to the left center of the PSS, the KNOMAD screen 
dynamically displays Ethernet connections, the various 
application programs, and their status. The message screen (s) 
at the bottom left gives textual data for the messages being 
passed through the system. Through the Utilities menu, a 
Focused Message window can be brought up which displays 
filtered messages as chosen by the user. The final active 
screen is the Screen Selection window in the upper left 
corner of the interface. When selected, one of four sub- 
screens replaces the PSS for further information. 
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USER-INTERFACE (FELES SCREEN) 

This is a photo of the FELES screen selection. This screen 
shows a timeline for each scheduled load and a marker showing 
the present time on the schedule. Again, additional 
information can be requested through the rectangle box to the 
left of the FELES screen. 
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USER- INTERFACE (POWER UTILIZATION SCREEN) 


This photo displays the Power Utilization screen which 
displays a power versus time load profile for each PDCU, load 
center, and the individual loads. The white marker displays 
the present time and the white line displays actual power 
usage versus time. 
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Establish Key Relationships with Baseline Personnel 



BASELINE INTEGRATION 


As mentioned earlier, one goal of this project is to maintain 
as close of ties as possible to the baseline design of the 
SSF. Listed below are a few of the ways in which this goal is 
being accomplished. 

(1) As much as possible, we are attempting to make our 
testbed mimic the baseline PMAD testbed. In most cases, 
this will require us to disable many of the advanced 
features of the original testbed, especially in the RPCs, 
the sensors, and the lower level processors. 

(2) We are presenting operational demonstrations before the 
critical design reviews in order to provide more and 
better data to guide decision making. The first 
operational demonstrations are being held this summer 
with a second more advanced demonstration to be held next 
summer. The CDRs for the WP01 PMAD are scheduled for 
early 1993. 

(3) We are planning for an early ground-based implementation 
in order to support the POCC at MSFC, the ESC at MSFC, 
and the SSOC at JSC. Implementation could be accomplished 
by porting real-time or near real-time flight data into 
the SSM/PMAD computers and then perform system fault 
diagnosis with both the ground hardware data and the 
flight data. 

(4) We have completed a Phase I link with a LeRC automated 
test bed. A simple fault handling scenario was then 
successfully demonstrated. This will form the basis for a 
full LeRC SSF automated test bed/MSFC SSF automated test 
bed link to be completed late in 1992. This will allow 
for ground system testing between the two major power SSF 
subsystems . 

(5) Relationships are being established with all key baseline 
personnel. These include, but are not limited to: MSFC 
and Boeing power system design engineers, MSFC and Boeing 
SSF project offices, LeRC and Rocketdyne £>ower system 
design engineers, MSFC and Boeing system integrators and 
operations personnel, JSC mission control system 
personnel , and various Level 1 and 2 personnel at NASA 
Headquarters . 
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GROWTH AND EVOLUTION OPTIONS 

In order to meet our goal of on-board automation, a series of 
key and orderly steps to flight are being planned. The first 
step is to establish the ability to automate the actual SSF 
PMAD through ground based implementation. The next step would 
be to act as a power system engineer surrogate through the 
use of powerful portable computer workstations being 
designed. The automation software could be downloaded into 
the workstation, flown to SSF, and then attached to the on- 
board data stream. A next step would be to retrofit 
"intelligent" RPCs which are now being designed. A final step 
would be to incorporate the automation equipment more 
permanently by mounting the system in new rack(s) and 
performing a rack(s) retrofit. 
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SUMMARY 


This paper has described the various activities at NASA/MS FC 
for advancing the state-of-the-art in spacecraft electrical 
power system automation. Based on the AMPS and SSM/PMAD 
projects, a hierarchical approach of distributed processing 
is being developed. In addition, AI and in particular, 
knowledge-based systems, are proving to be invaluable in 
accomplishing tasks not possible with conventional software. 
We are demonstrating PMAD risk reduction through the use of 
autonomous monitoring, control, and FDIR. Basic concepts have 
been established with a first generation operational 
prototype having been successfully demonstrated. The next 
steps involve integrating the testbed into the ground based 
support centers and then evolving onto the SSF . Thus , 

NASA/MS FC is progressing toward the eventual goal of a 
totally autonomous power system (with human override) . 
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ATCS Baseline Configuration 
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Significant Restructuring Impacts 
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Significant Restructuring impacts 
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ATCS Evolution 
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ATCS Load > 150 kW + -12 kW + 2.5 = 165 kW 



ATCS Evolution 

The ATCS is being design for 82.5 kW at EMCC also referred to as the Follow-on phase. In our studies, the 
evolution phase is assumed to be twice this value, because the EPS requirement is doubled. An exact heat 
rejection value cannot be determined until the DDCU load sharing is better understood. The two parameters 
besides EPS load that most affect heat load are the parasitic and metabolic loads.. 
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Path 3.a - Baseline PMA sized for evolution capacity 
Path 3.b - Upgraded PMA 
Path 3.c - Growth PMA 

Path 3.d - Growth PMA, Vapor Compression Cycle (VCC) HX 




Growth Paths: ETCS Evaporator Loop 
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wings by the use of a Vapor Compression Cycle (VCC) heat exchanger (HX). This subpath 
is only associated with Path 3. A parallel or growth condenser loop is needed for the HX 
interface. 
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/ Scar EPS for growth PMA support 
/ Scar baseline truss for VCC HX addition 
/ VCC HX integration will impact baseline operations 
/ EVA required (greater duration than Path _.b) 



Growth Path Impacts: ETCS Evaporator Loop (Cont.) 
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Growth Trunk Lines: ETCS Evaporator Loop 
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Growth Path Desirability 

ETCS Evaporator Loop 
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Growth Paths Desirability: ETCS Evaporator Loop 
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ETCS Condenser Loop Evolution 
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ETCS Condenser Loop Evolution 
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Growth Path Impacts 

ETCS Condenser Loop 
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/ TRRJ impact 

/ Schedule impact due to development and testing of vapor 
compressor 




Growth Path Impacts: ETCS Condenser Loop 
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Growth Path Impacts (Cont.) 

ETCS Condenser Loop 




o 

O 

¥ 

<d 

Q> 

E 

E 

CO 

CL 

c 

o 

■an 

O 

0) 

”oT 

cc 

"5 



£ 

-a 

IS 

CO 

Op 

Q. 

• 

• 


954 


/ Scar for increase load to structure 
/ GN&C impact 



Growth Path Impacts: ETCS Condenser Loop (Cont.) 
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Modification of Existing Radiator Wings 

Increase Radiator Area in -x Direction: Path 3.b.l.c 
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GN&C and structural loads are a concern 






Modification of Existing Radiator Wings 
Increase Radiator Area in -x Direction: Path 3.b.l.c 
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Modification of Existing Radiator Wings 

Heat Pump Integration into ATCS by Upgraded PM A: Path 3.b.l.a 
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18 kW of power is required to reach the evolution goal 




Modification of Existing Radiator Wings 
Heat Pump Integration into ATCS by Upgraded PM A: Path 3.b.l.a 
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Modification of Existing Radiator Wings 

Heat Pump Integration into ATCS by Growth HX: Path 3.d.l.a 
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19 kW of power is required to reach the evolution goal 
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Modification of Existing Radiator Wings 

Increase Radiator Area/Heat Pump Integration: Path 3.b.l.c 
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• Optimization of the two parameters is the most promising 
of the existing radiator wing modification options 




Modification of Existing Radiator Wings 
Increase Radiator Area / Heat Pump Integration: Path 3.b.l.c 
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Growth Path Desirability: ETCS Condenser Loop 
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Heat Rejection 

Light weight deployable heat pipe radiator ORU’s 
High efficiency heat pump technology 
Heat storage 
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Develop heat pump systems which operate in a reduced gravity environment. Heat pump technology 
significantly reduces radiator area. 

Develop a high density heat storage subsystem for heat load leveling to accommodate peak loads. 
Heat storage reduces radiator area needed for peak loads. 
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Addition of PIT structure containing radiator wings is a promising 
approach* 

/ Structural dynamics and GN&C impacts are under evaluation. 
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